A future high-energy e + e − linear collider will be the best environment for the precise measurements of masses, cross sections, branching ratios, etc.. Experimental accuracies are expected at the per-cent down to the per-mille level. These must be matched from the theoretical side. Therefore higher order calculations are mandatory.
Introduction
The Minimal Supersymmetric Standard Model (MSSM) is the most extensively studied extension of the Standard Model (SM) of elementary particles. Supersymmetry (SUSY) provides a solution to the so called hierarchy problem and furthermore, in the context of this work, it is a renormalizable theory. If the MSSM is realized in nature, supersymmetric particles will be produced at the LHC. However, even if SUSY is discovered, it will still be a long way to determine the parameters of the underlying model, which would shed light on the mechanism of SUSY breaking. A future high-energy e + e − linear collider will be the best environment for the precise measurements of masses, cross sections, branching ratios, etc.. Experimental accuracies are expected at the per-cent down to the per-mille level [1, 2, 3] . These must be matched from the theoretical side. Therefore higher order calculations are mandatory.
For the decays of the MSSM Higgs bosons, the one-loop corrections due to gluon and gluino exchange (SQCD) are known analytically, see e.g. [4, 5, 7, 8, 9] . Full one-loop calculations were done e.g. in [6, 10, 11, 12, 14, 15, 16, 17, 18, 19] . For calculating the full (including electroweak corrections) one-loop decay widths automatic tools for generating all Feynman graphs, and subsequently the squared matrix elements, are strongly needed.
There are a few program packages available for the automatic computation of amplitudes at full one-loop level in the MSSM: FeynArts/FormCalc [29] , SloopS [20, 21] and GRACE/SUSY-loop [22] . SloopS and GRACE/SUSYloop also perform renormalization at one-loop level. However, so far there is no publicly available code for the two-body Higgs decays at full one-loop level in the MSSM. Therefore, we have developed the Fortran code HFOLD [23] . It follows the renormalization prescription of the SUSY Parameter Analysis project (SPA) [25] and supports the SUSY Les Houches Accord (SLHA) input and output format [24] . The package HFOLD (Higgs Full One-Loop Decays) computes all two-body decay widths and the corresponding branching ratios of the three neutral and charged Higgs bosons at full one-loop level.
This paper is organized in the following way: First we shortly recapitulate the Higgs sector in the MSSM. Then we will discuss the renormalization used in the program. We will compare the total and partial decay widths of the Higgs bosons at the SPS1a' point with existing programs. The last section will be the program manual.
MSSM Higgs sector at tree-level

Masses and mixing angles
In the MSSM two chiral Higgs superfields with opposite hypercharge are necessary to keep the theory anomaly free. Two Higgs doublets are also necessary in order to give separately masses to down-type fermions and uptype quarks.
The scalar components of the two complex isospin Higgs doublets 
Decay patterns and some properties
As fermion number is conserved we only have four possibilities of Feynman graphs (at any loop level) for a two-body decay of a scalar: the decay into two scalars, into two fermions, into a scalar and a vector particle, and into two vector particles, see Fig. 1 . In the case of Higgs bosons the following decays are calculated: 
This limit is already reached to a good approximation for m A 0 ∼ 300 GeV. Furthermore, the (h 0 , H 0 ) mixing angle can be expressed by α → β − π/2. Thus, the properties of the lightest Higgs boson h 0 are almost indistinguishable from those of the SM Higgs boson. As a consequence, the couplings to the heavier Higgs bosons vanish at tree-level, e.g. the
Calculation at full one-loop level
The definition of the MSSM parameters is not unique beyond the leading order and depends on the renormalization scheme. Therefore, a well-defined theoretical framework was proposed within the so-called SPA (SUSY Parameter Analysis) project [25] . The "SPA convention" provides a clear base for calculating masses, mixing angles, decay widths and production processes. It also provides a clear definition of the fundamental parameters using the DR (dimensional reduction) renormalization scheme. These fundamental parameters can be extracted from future collider data. The formulae for the wave function and mass counterterms (CTs) for sfermions, fermions and vector bosons in the on-shell scheme derived from their renormalization conditions can be found e.g. in [26, 27, 28] .
The code of HFOLD is derived in the SPA convention in the general linear R ξ gauge for the W ± and Z 0 -boson. All amplitudes are generated by using the tool FeynArts (FA) and the Fortran code is produced with the help of FormCalc (FC). For that purpose we imported all necessary formulae for the CTs into a FA model file.
The renormalized one-loop amplitude is the sum of the tree-level amplitude and the one-loop contributions, see Fig 2. The tree-level couplings are given at the scale Q, implying that there are no coupling CTs. The DR scheme is defined by setting the UV divergence parameter ∆ = 0. We however work with ∆ = 0 and take for the coupling CTs only the parts ∝ ∆. In case the renormalized amplitudes are finite it is a proof for RGE invariance of the ordinary DR scheme. The vertex corrections and all selfenergy contributions except the diagonal wave function corrections can be directly calculated with FA/FC.
Since there are many decay channels it was worthwhile to develop an automatic code generator at Mathematica level. First of all, it was necessary to work out all counterterms (in Mathematica form) for the whole MSSM. The idea is, not to have all MSSM couplings (which are more than 300 ones) at one-loop level hard coded in the MSSM model file of FA, but to calculate locally the amplitudes with the wave function and the coupling CTs (see Fig. 2 ).
For each external particle we get a contribution to the wave function CTs amplitude by multiplying the bare fields with the corresponding wave function renormalization constants. The amplitude for the coupling CTs is obtained in the following way: First we calculate the tree-level amplitude, then we shift all tree-level couplings by their corresponding counterterms δg i , g i → g i + δg i and then take into account only terms linear in δg i .
The total two-body Higgs decay width can be written in one-loop approximation as
, with the totally symmetric Källen function κ(x, y, z) = (x − y − z) 2 − 4yz and the color factor N C = 3 for decays into quarks and squarks and N C = 1 for decays into other particles, respectively. M 1 denotes the UV finite one-loop amplitude. The prefactor kin is a function of the on-shell masses of the incoming Higgs boson and outgoing particles only. Massless particles in loops can cause so-called infrared (IR) divergences in Γ. For this purpose, a regulator mass λ for the photon and gluon is introduced. Adding then real photon or gluon radiation cancels these divergences.
Input parameters
HFOLD is designed to be applied to SUSY models like mSUGRA, GMSB or AMSB, where the low energy model parameters are given at some scale Q. The low energy spectrum is derived from a few parameters defined at a high scale using renormalization group equations. At the program start HFOLD reads the spectrum, where the Yukawa couplings, the gauge couplings g 1 , g 2 , g 3 , the soft breaking terms, the VEVs, m A 0 , tan β, µ and the on-shell Higgs masses are taken as input parameters. The input parameters are understood as running parameters in the DR scheme at the scale Q. In loops we are free to use DR masses because the difference is of higher order in perturbation theory. Since our renomalization is done in the DR scheme the coupling counterterms contain only UV-divergent parts. Therefore we do not fix δm W with G F ermi as input parameter. In the Higgs sector we use m A 0 and the running tan β as inputs. We can then simply derive the DR running Higgs mixing angle α at the scale Q. We do not take α ef f as input parameter because we consider our calculation a self-consistent one-loop expansion.
Resummation of tan β
The down-type fermions couple to the up-type Higgs doublet with radiative corrections by
The selfenergy ∆ b is proportional to tan β and can be enhanced for large values of tan β. This term can be resummed (in the effective potential approach) by replacing the bottom Yukawa coupling [30] with
The resummation can also be performed in the diagrammatic approach [31] . Different renormalization schemes correspond to different choices of counterterms. Therefore the analytic form of the tan β enhanced corrections depend on the chosen renormalization scheme. In the on-shell scheme one takes the measured bottom mass as input parameter. The choice of δm b fixes δy b by
The quark mass counterterm δm b is a source of tan β-enhanced corrections. The selfenergy Σ RL (m b ) contains terms proportional to y b sin β and is therefore tan β enhanced,
In leading order this means :
We write the bare Yukawa couplings as y 
The supersymmetric loop effects encoded in ǫ b enter physical observables only through δy b . Choosing e.g. a minimal subtraction scheme like the DR scheme for δm b removes the tan β-enhanced terms and there is nothing to resum anymore. Since we do not use the measured bottom mass as input, the resummation of tan β is absent in our approach. However, the resummation eq. (2) is implemented in the code and can be turned on.
Gauge used
The gauge fixing Lagrangian in the general linear R ξ gauge is given by
The Higgs-ghost propagators are i/(q 2 − ξ V m 2 V ) and the vector-boson propagator reads
The ξ-dependent part is a product of two propagators leading to a (n+1)-point loop integral. Performing a decomposition into partial fractions, it can be split into a form with single propagators only,
We have implemented this second form into FA in order to check the gauge independence for W and Z. For the massless particles γ and gluon we get derivatives of loop integrals. In these cases it is possible to proof gauge invariance analytically.
Photon/Gluon radiation
The IR divergences can be removed using soft bremsstrahlung or by adding the corresponding 1 to 3 process with a massless particle (hard bremsstrahlung). Soft radiation is proportional to the tree-level width but dependent on the energy cut ∆E of the radiated-off particle. It is automatically included in FC, see the formulae in [26] . For an 1 to 3 process with a massless particle the three-body phase space can still be integrated out analytically. We have implemented this radiation by using self-derived generic formulae for all four graphs in Fig. 1 where every charged line can radiate off a photon (or a gluon for colored particles). The IR convergent total width is then given by
For the simplest case, the decay into two scalars, Γ(φ → φ 1 φ 2 γ/g) is proportional to
The 'bremsstrahlung integrals' I are given in [26] . The integrals I ij depend on log λ, here λ is the auxiliary mass for γ/g. For the cases scalar → fermion + fermion with one fermion mass zero (e.g. H + → τ + ν τ ), we have derived special formulae for the bremsstrahlung integrals. The other formulae can be found explicitly in the program code in the file bremsstrahlung.F.
Program manual
Requirements
• Fortran 77 (g77, ifort77)
• C compiler (e.g. gcc)
• In the following we show some results for the mSUGRA point proposed in the SPA project [25] , (M 1/2 , M 0 , A 0 ) = (250, 70, −300) GeV, sign(µ) = +1, and tan β = 10. Our comparison with other programs is based on the same input file with the MSSM spectrum given in SUSY Les Houches accord from [24] created by SPheno3.0beta. 
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